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013.04.0Abstract In order to investigate the yielding behavior of the newly developed Ni3Al-based inter-
metallic alloy IC10, yield stresses have been measured in tension and compression with different
orientations. The specimens were cut from a sheet with different angles inclined from the solidiﬁca-
tion direction. The inclined angles were taken to be 0, 22.5, 45, 67.5 and 90. All experiments
were conducted at room temperature except for orientation 0, whose deformation temperatures
ranged from 298 to 1273 K. Experimental results show that the yield strength of alloy IC10 has
the anomalous behavior which has been observed for other Ll2-long-range ordered intermetallic
alloys, but it is less pronounced. The abnormalities show the following characteristics: (i) the yield
strength increases as the temperature is raised below the peak temperature, (ii) yield strength anisot-
ropy, (iii) tension/compression asymmetry. Compared to Ni3Al single crystals, the polycrystalline
exhibits some different yielding behaviors which may be due to the high volume fraction of c phase.
ª 2013 Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA.Open access under CC BY-NC-ND license.1. Introduction
Commercial nickel-based superalloys are used extensively as
structural materials at elevated temperatures. Of those super-
alloys, Ni3Al is the most important strengthening constituent,
referred to as the c0 phase. In Ni3Al, Ni atoms occupy the faces
and Al atoms the corners of the f.c.c. elementary cell. The
Ll2-long-range ordered intermetallic alloys exhibit the
anomalous behavior as follows1–6:84892251.
(L. Chen), gswwd@nuaa.
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02(1) In the temperature range T 0 6 T 6 T peak, the critical
resolved shear stress (CRSS) increases strongly with
the increasing temperature. T0 is close to ambient tem-
perature; the CRSS reaches its maximum at Tpeak; after
Tpeak, the CRSS decreases. T0 and Tpeak vary with the
specimen orientation [h k l] and the sign of the applied
stress.
(2) The CRSS is anisotropic. Schmid’s law is violated.
(3) The CRSS measured in tension is different from that
measured in compression, which is referred to as the ten-
sion/compression (t/c) asymmetry.
(4) In the temperature regime where the ﬂow stress
increases, slip occurs on the {111} Æ101æ systems.
(5) At the temperature above Tpeak, slip occurs on the
{001} Æ110æ systems except for samples oriented
near Æ001æ which remain to slip on the {111} Æ101æ
system.SAA & BUAA.Open access under CC BY-NC-ND license.
802 L. Chen et al.Alloy IC10 is the newly developed Ni3Al-based polycrystal-
line which can be used as blade materials in advanced
aero-engine fan at high temperature.7 The mechanical behav-
ior of alloy IC10 has been extensively studied in recent
years.8–10 However, the previous research has concentrated
only on the solidiﬁcation direction [001]. There is no study
focusing on the anisotropy and tension/compression asymme-
try of alloy IC10. Technically, studies in those aspects are
essential for application of the alloy. From scientiﬁc viewpoint,
the experimental data of IC10 can be used to unveil the inﬂu-
ence of grain boundaries on the yield behavior of Ll2 ordered
alloys compared to studies from single crystals.
In this paper, we report our investigations on the anisot-
ropy and tension/compression asymmetry of alloy IC10 be-
sides the temperature dependence of yield strength.(a) True stress-strain curves 
(b) 0.2% offset yield stresses 
Fig. 1 Tensile test results of alloy IC10 over a wide range of
temperatures.2. Experimental procedure
The Ni3Al-based alloy IC10 is kindly supplied by Beijing Insti-
tute of Aeronautical Materials (BIAM). Alloy IC10 is a poly-
crystalline which is directionally solidiﬁed in [001] orientation,
with its nominal composition (wt%): 0.07%–0.12% C, 11.5%–
12.5% Co, 6.5%–7.5% Cr, 5.6%–6.2% Al, 4.8%–5.2% W,
1.0%–2.0% Mo, 6.5%–7.5% Ta, 1.3%–1.7% Hf, 0.01%–
0.02% B, and balanced Ni.
The master alloy ingot of IC10 was prepared by a vacuum
induction furnace and cut to several smaller ingots with its
weight of 4 kg. Then the smaller ingots were processed to
directional solidiﬁcation bars and sheets in [001] orientation
in directional solidiﬁcation vacuum induction furnace. The
as-cast billets were heat-treated as the following processes:
(1) homogenized at 1453 K for 2 h, and increased the temper-
ature to 1543 K for 2 h, followed by air-cooling to room tem-
perature; (2) increased the temperature to 1323 K for 4 h, and
air-cooling to room temperature; (3) increased temperature to
1143 K for 16 h, followed by air-cooling.
Plate samples for tensile tests at room temperature, with
thickness of 2 mm and gage length of 30 mm, were cut by elec-
trical discharge machining from IC10 blocks. Cylindrical sam-
ples for high temperatures, about 10 mm diameter by 50 mm
gauge length, were mechanically machined from rods. Finally,
compression samples of suitable orientations, whose dimen-
sions were 10 mm · 10 mm · 25 mm, were cut by electrical dis-
charge machining from blocks.
The selected load axes, measured by the angle a from solid-
iﬁcation direction, are 0 (solidiﬁcation direction), 22.5, 45,
67.5 and 90 (transverse direction).
Experiments conducted including (1) tensile tests along ori-
entation 0 at the temperature range from 298 K to 1273 K to
investigate the temperature dependence of the yield strength,
(2) tensile tests along all selected orientations to investigate
the orientation dependence of the tensile yield strength, (3)
compression tests along orientation 0, 45, 90 to investigate
the tension/compression asymmetry.
The tensile tests for samples oriented 0 (solidiﬁcation
direction) at elevated temperatures were carried out on MTS
809 while other tests were carried out using an Instron test ma-
chine. The strains for tensile tests were measured by extensom-
eter while compression tests by strain gauges (Kyowa, KFG
type). The technical strain rate was about 5 · 105 s1 for com-
pression and 104 s1 for tensile tests.3. Results and discussion
3.1. Temperature dependence of yield strength
Fig. 1(a) shows the tensile true stress–strain curves of alloy
IC10 in solidiﬁcation direction at temperatures ranging from
298 K to 1273 K. The 0.2% offset yield stresses for different
temperatures are given in Fig. 1(b). Each entry is the average
of 2–3 specimens; the standard deviation of the average is close
to the size of the symbols.
As shown in Fig. 1(b), the yield strength of alloy IC10 in-
creases with the increasing temperature up to 1073 K followed
by a sharp decrease. At the temperature of 1073 K, which is
the so-called peak temperature Tpeak, it has a peak value of
about 926 MPa. The abnormal temperature dependence
of yield strength has also been observed on ternary systems
of the type Ni3(Al,X), where X is usually W, Ta or Nb
1–6
and other Ll2 ordered intermetallic compounds.
11–15 However,
for alloy IC10, the abnormal behavior is less pronounced.
In order to study the deformation mechanism of alloy IC10,
we have conducted a TEM study of the dislocation conﬁgura-
tion of the tensile specimens.16 After deforming the specimens
to plastic strains of 2–3%, thin slices were cut by an abrasive
wheel. Their normal was parallel to the specimen axis.
Figs. 2(a)–(c) present the TEM images of dislocation conﬁgu-
ration observed in c0 phase. In the temperature range of
298–1073 K, a large number of screw dislocations and a few
dislocation dipoles have been observed. The long screw dislo-
cations, connected by superkinks (marked SK in ﬁgure), are
locked by Kear–Wilsdorf locks17 (marked K–W in ﬁgure).
(a) 298 K 
(b) 873 K 
(c)  1073 K 
Fig. 2 Bright-ﬁeld TEM images (negative pictures) of disloca-
tion conﬁguration observed in c0 phase at different temperatures.
Tensile axis: solidiﬁcation direction.
Yield anisotropy and tension/compression asymmetry of a Ni3Al based intermetallic alloy 803Based on the results of TEM observation above, it is con-
cluded that the abnormal temperature dependence of yield
strength is closely related to the Kear–Wilsdorf mechanism.17
The screw super-dislocations on the {111} plane locally cross
slip onto the {100} plane as a result of thermal activation. The
resistance to dislocation motion is so large on the {100} plane
that the cross-slipped segments prevent the subsequent motion
of the remaining parts of the dislocations on the (111) [101]
slip system. As the temperature increases, more cross slip is
promoted and therefore a higher ﬂow stress is achieved. The
decrease in the ﬂow stress above peak temperature was attrib-
uted to macroscopic slip on {100} planes.14,15
Although alloy IC10’s mechanical properties are similar to
that of other Ll2-ordered materials, it has its own features. A
remarkable one is that the anomalous yield behavior of IC10
is less pronounced compared to other Ni3(Al,X) single crys-
tals.2–4 This may be explained by the microstructure of the
directionally solidiﬁed polycrystalline. Except for c0 phase,
there is a considerable volume fraction of c phase (about
35%). Fig. 3 shows the TEM images of alloy IC10 at both(a) 298 K 
(b) 973 K 
Fig. 3 Bright-ﬁeld TEM images (negative pictures) of disloca-
tion conﬁguration observed in c0 phase and c phase at different
temperatures. Tensile axis: solidiﬁcation direction.
Table 1 Calculated Schmid factors of favorable octahedral
slip systems in ﬁve different nominal orientations investigated.
Loading axis orientation Slip system
(111)[101] (111)[110]
0 [001] 0.4082 /
22.5 [025] 0.4928 /
45 [011] 0.4082 /
67.5 [052] / 0.4928
90 [010] / 0.4082
Note: The calculated values of Schmid factors here are just
approximations as there are no precise crystallization orientations
for column polycrystals.
804 L. Chen et al.room temperature and high temperature. Screw dislocations
have been observed in both c0 and c phases. The dislocation
density in c phases is much higher than that in c0 phase. As
the dislocation motion is easier to start in c phase, the mechan-
ical properties of alloy IC10 are greatly inﬂuenced by the c
phase. Compared to Ni3(Al,X) single crystals, the CRSS of al-
loy IC10 is much lower at both room temperature and high
temperatures.2–4
3.2. Yielding anisotropy and tension/compression asymmetry
Fig. 4 shows the orientation dependence of the 0.2% offset
yield stress for alloy IC10. Each entry is the average of 2 spec-
imens (experimental points are represented by symbols); the
standard deviation of the average is close to the size of the
symbols.
The yield strength has the minimum value when a equals
22.5o, which seems abnormal since the solidiﬁcation direction
is strongest from the traditional view.
In classical theory of plasticity, the anisotropy of yield
stress is often modeled by yield criteria. If rTa is the yield stress
in uniaxial tension along an axis at orientation a to the solid-
iﬁcation direction, it follows that
rxx ¼ rTa cos2 aryy ¼ rTa sin2 asxy ¼ rTa sin a cos a
 ð1Þ
where x and y represent the solidiﬁcation and transverse direc-
tion, respectively. Substituting Eq. (1) into any yield criterion,
one can get the theoretical predictions of rTa . As an example,
Hill’s quadratic yield criterion18 gives the following predictions
rTa ¼
1
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
F sin4 aþ G cos4 aþH cos2 2aþ 2N sin2 a cos2 a
p ð2Þ
where F, G, H and N are material constants which are deter-
mined by experimental tests.
Fig. 4 shows anisotropy of yield stress for alloy IC10 pre-
dicted by Hill’s quadratic yield criterion. The predicted yield
stresses of orientation 45 and 67.5 ﬁt the experimental data
well. However, large discrepancy between experiment and pre-
diction has been found for orientation 22.5. Obviously, Hill’s
quadratic criterion (also other anisotropic yield criteria in liter-
ature) cannot predict a sharp drop of yield strength at orienta-
tion 22.5. In the following, we try to explain this ‘‘abnormal’’
yield behavior from crystallographic view.Fig. 4 Anisotropy of yield stress for alloy IC10, measured and
predicted with Hill (1948) yield criterion.Although there are no precise crystallization orientations
for directionally solidiﬁed column polycrystals, the yielding
behavior of alloy IC10 can be evaluated grossly from crystal-
lographic view. The yield stresses with different orientations
were resolved onto the primary slip system. As slip has been
found to occur on the primary {111} Æ101æ octahedral slip sys-
tem in intermetallic Ni3Al alloys,
2–5 the same slip system has
been chosen in the present study.
The critical resolved shear stress (CRSS) on the {111} octa-
hedral systems was calculated using the s0 = mrs relationship,
where m is the corresponding Schmid factor and rs is the yield
stress. As alloy IC10 is composed of column crystals which are
approximately parallel with each other, the CRSS was calcu-
lated using the nominal crystallization orientation. It means
that the calculated CRSS for alloy IC10 is just an approxima-
tion compared to a single crystal. The conventional 0.2% off-
set yield stress is adopted as a deﬁnition of yielding here.
Calculated Schmid factors for the favorable slip systems in
chosen nominal orientations are listed in Table 1. The Schmid
factor is the largest at orientation 22.5o, which may explain the
minimum axial yield stress found at this orientation.
The 0.2% offset yield stress resolved onto the correspond-
ing primary slip system, which can be considered as the CRSS,
are shown in Table 2 and Fig. 5. The data presented in the ﬁg-
ure are more fundamental than the axial yield stresses plotted
in Fig. 4 and ‘‘should be the basis for comparison betweenTable 2 Experimental results for the CRSS of alloy IC10 in
tension and compression.
Loading axis orientation Experimental result(MPa)
Tension Compression
0 [001] 335.2 306.0
339.5 314.2
22.5 [025] 352.0 /
344.3 /
45 [011] 316.8 358.1
324.0 355.6
67.5 [052] 378.1 /
372.6 /
90 [010] 288.3 305.8
295.1 318.2
Note: The calculated values of CRSS here are just approximations
as there are no precise crystallization orientations for column
polycrystals.
Fig. 5 Tensile CRSS s0 of alloy IC10 vs orientation.
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tion dependence is observed for the CRSS, which indicates that
alloy IC10 does not follow Schmid’s law.
From crystallographic view, orientation 0–45 is equivalent
to orientation 90–45. Although the variation of CRSS in the
two intervals exhibit evident difference, the trends are consis-
tent, which conﬁrms the conclusion above. As alloy IC10 is
composed of columnar grains, grain boundaries may affect
the yield behavior of alloy IC10 when the applied stress depar-
tures from 0. The CRSS of 67.5 is 7.8% higher than that of
22.5, whereas orientation 90 is 13.5% lower than that of ori-
entation 0.(a) Compression (c)0τ
(b) Relative difference: (t) (c) (t)0 0 0 0{[ ] / }τ τ τ τΔ = −
Fig. 6 Critical resolved shear stress s0 of alloy IC10 vs
orientation.Table 2 and Fig. 6(a) present the compression tests results.
The CRSS increases signiﬁcantly as the specimen’s orientation
moves away from orientation 0 towards orientation 45;
orientation 0 samples are the weakest ones. The CRSS of
orientation 45 is about 14.4% higher than that of orientation
0. The tendency of the variation of compression CRSS
agrees with what has been observed for other Ni3Al based
alloys2,5.
In order to illustrate the (t/c) asymmetry of alloy IC10,
Ds0 ¼ f½sðtÞ0  sðcÞ0 =sðtÞ0 g is given in Fig. 6(b); ‘‘t’’ and ‘‘c’’ stand
for tension and compression, respectively. For orientation 0,
the tensile ﬂow stress exceeds the compressive ﬂow stress; the
opposite occurs in orientation 45. The experimental results
are in agreement with what have been observed in other
Ni3(Al,X) alloys
3–5 and can be predicted by theory proposed
by Paidar et al.15. However, for orientation 90, as the CRSS
of tension is reduced by 13.5% compared to orientation 0
due to grain boundaries, sðtÞ0 < s
ðcÞ
0 was found in the present
study.
4. Conclusions
Plastic deformation of the Ll2-long-range ordered intermetallic
alloy IC10 is investigated focusing on the anomalous yield
behavior, yield anisotropy as well as tension/compression
asymmetry. The following conclusions are reached from the
present study.
(1) Screw dislocations have been found in both c0 phase and
c phase by bright-ﬁeld TEM, the mechanical properties
of alloy IC10 are greatly inﬂuenced by the high volume
fraction of c phase.
(2) In the temperature range T0 6 T 6 Tpeak, the CRSS s0
of the Ni3Al-based superalloy IC10 has a positive slop
@s0=@T , which has been observed in many other LI2
ordered alloys; the anomalous yield behavior of IC10
is less pronounced compared to other Ni3(Al,X) single
crystals.
(3) The CRSS of alloy IC10 is anisotropic and tension/com-
pression asymmetric.
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